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ABSTRACT We describe a new electrophysiological technique called nonequilibrium response spectroscopy, which in-
volves application of rapidly fluctuating (as high as 14 kHz) large-amplitude voltage clamp waveforms to ion channels. As a
consequence of the irreversible (in the sense of Carnot) exchange of energy between the fluctuating field and the channel
protein, the gating response is exquisitely sensitive to features of the kinetics that are difficult or impossible to adequately
resolve by means of traditional stepped potential protocols. Here we focus on the application of dichotomous (telegraph)
noise voltage fluctuations, a broadband Markovian colored noise that fluctuates between two values. Because Markov kinetic
models of channel gating can be embedded within higher-dimensional Markov models that take into account the effects of
the voltage fluctuations, many features of the response of the channels can be calculated algebraically. This makes
dichotomous noise and its generalizations uniquely suitable for model selection and kinetic analysis. Although we describe
its application to macroscopic ionic current measurements, the nonequilibrium response method can also be applied to
gating and single channel current recording techniques. We show how data from the human cardiac isoform (hH1a) of the Na™
channel expressed in mammalian cells can be acquired and analyzed, and how these data reveal hidden aspects of the
molecular kinetics that are not revealed by conventional methods.

INTRODUCTION

The voltage clamp technique, in which the voltage across avould like to study. When the voltage is changed only at
cell membrane is controlled by a feedback circuit thatdiscrete points in time, the capacitive transients of the
balances (and therefore measures) the net current, has be@embrane are localized in time and can be subtracted from
the best biophysical tool for the study of ion channels forthe currents of interest by standard techniques (e.g., see
almost half a century. Since its initial development (Mar- Armstrong and Bezanilla, 1977). Another advantage is that
mont, 1949; Cole, 1949; Hodgkin et al., 1949, 1952), a basigvhen the voltage is held constant, the kinetic equations that
set of voltage clamp protocols and the ideas behind therdescribe the behavior of the most commonly used types of
have dominated electrophysiological studies of the propermodels take simple, linear homogeneous forms (Colquhoun
ties of ion channels. These protocols are based on potentighd Hawkes, 1995).
stepping, the situation in which the voltage is stepped from hile they are the basis for much of electrophysiology,
a holding potential to a test potential and the current transtepped potentials also set some fundamental limitations on
sient recorded. Information about the electrophysiologicathe powerful experimental techniques developed in the last
properties of the channel is then obtained from an analysigg years. These limitations are best discussed within the
of these relaxation transients. Although there are many.zmework of the principal goals of present day electrophys-
yariations of the stepped po_tential techniq_ue, some involvro|ogy_ One of the main tools for studying the electrophys-
ing multiple steps, nearly all involve changing the voltage ajg|ogical properties of ion channels is the construction of
small number of times only. The idea is so pervasive that if15rkov models (Colquhoun and Hawkes, 1981; DeFelice,
can be difficult to do anything d_ramatically different with 1981) such as the one pictured in Fig. 1, which is equivalent
some of the common commercial software packages ang, ihe original Hodgkin-Huxley model for the Nacurrent
programs that are the basic data gathering tools of mo%ﬂodgkin and Huxley, 1952) in which the states in the
electrophysiologists. reaction scheme represent kinetically distinct conformations
Stepped voltages are useful because one usually needsc;pthe channel protein. As in the Hodgkin-Huxley model,
separate the capacitive currents f[hat resul_t from the chargin[gle states of kinetic models are often classified into closed
of the membrane from the ionic or gating currents one(C), open (0), and inactivated (I) conformations, where the
transition ratese;(V) and B;(V) between these states are
voltage-dependent.
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30, 20,  Op fundamental oscillations) of atoms and molecules by mea-
I, ? I, ?ﬁ I 3:13 1 suring the linear response to an oscillating field. Likewise,
" m o the goal of nonequilibrium response spectroscopy is to
O(‘hHBm OﬂhHBm ah“Bm OchHBm determine the kinetic properties of ion channels by driving
3o, 2o, O them with large-amplitude, rapidly fluctuating fields, and
1w C,— C,— measuring the nonequilibrium response.

m 2 2B "3 . . .
P 2B 3 3B Strictly speaking, the transient response to a constant

FIGURE 1 Diagram of a kinetic scheme equivalent to the Hodgkin- voltage pulse is of 9°“rse a n,one,qu'“b“um property. In this
Huxley description (Hodgkin and Huxley, 1952) of the Neurrent in the ~ CaSe the response is a redistribution of the channel ensemble
squid giant axon. as the ensemble relaxes toward new equilibrium. In con-
trast, an ensemble driven by a fluctuating potential is not
relaxing toward equilibrium, since in addition to energy
can lead to very similar current transients when the voltagdeing dissipated into the environment, it is being continu-
is held constant (e.g., Armstrong, 1981; Hille, 1992, pp.ously pumped into the system by the fluctuating field. As a
489-90). As a result, kinetic models have historically consequence of the irreversible flow of energy through the
played a role in electrophysiology that fundamentally dif- system, the free energy of the channel ensemble is not
fers from the role they play in the study of the chemicalminimized and can actually increase with time as the en-
kinetics of simpler systems, and kinetic models have fresemble is driven toward a nonequilibrium stationary distri-
quently served more as a shorthand for summarizing antiution. This is the notion of “nonequilibrium” we have in
integrating experimental results than as statements aboutind here.
specific conformational motions of the ion channel protein. Some of these data have appeared in abstract form (Mil-
The story of the last 40 years or so of electrophysiologicalonas and Hanck, 1997a).
research has been of the development of progressively more
sophisticated ways of playing the same basic game, with a
focus on resolving the ambiguities that result from theMATERIALS AND METHODS
inability to directly or independently measure most of the
kinetic variables by measurirdjfferentaspects of the chan-
nel gating. Single-channel recording is one such techniquéhe whole-cell ionic current measurements were fairly standard. In a
(Sakmann and Neher, 1995; Wonderlin et al., 1990), but ifluctuating vol_tage clamp gxperiment the primary_ novel c_onsi'deration is to
. . . . Increase the input bandwidth as much as possible. Noise is a secondary
still Cannolt resolve very detailed information abQUt Closedconcern since our analysis of the fluctuating voltage recordings involves
conformational states. The development of gating currenfyeraging over many traces.
measurements (Armstrong and Bezanilla, 1973, 1974; Key-
nes and Rojas, 1974) allows for transitions between states to
be observed “directly,” but suffers from ambiguities relatedPreparation
to the mixing of signals from dlﬁer_ent transitions. Ambi- We studied the Na channel isoform from the human heart (hH1a, Hart-
guities such as these are the principal reasons for the CORrann et al., 1994; Sheets et al., 1996) expressed in a stable line of cultured
stant search for better (and even merely different) ways t@eammalian HEK293 cells. Cells were cultured in Dulbecco’s Modified
measure the kinetic properties of ion channels. Recent nové&lgle’s Medium (DMEM) containing 10% fetal bovine serum, 2agiml
experimental ideas include measurement of the voltage ddeneticin, and 1 ml/100 ml penicillin-streptomyocin at 37°C (5%10
[ . Cells were released from the dish with 2 ml trypsinEDTA, washed and
pendent aCCGSSIbIhW (Smmer etal, 1989; Yang a”‘?' Horn, suspended in DMEM, and studied withB h (reagents from Gibco BRL,
1995; Yang et al., 1996, 1997; Starace and Bezanilla, 1997 jithersburg, MD).
and fluorescence labeling (Mannuzzu et al., 1996; Cha and
Bezanilla, 1997) of selectively mutated residues of the S4
voltage sensor. Electrophysiology
The limitations of the stepped pptgntla}l tech.nlque are a‘Ne used thin-walled soft glass capillary pipettes (Drummond) pulled in a
the root of at least some of these difficulties. It is suggestedytter 97 micropipette puller (Sutter Instrument Co., Navato, CA) to a
here that the application of large-amplitude rapidly fluctu-blunt taper and a large aperture (Fig. 2). Good seals could be obtained with
ating potentials in combination with the standard techniquegipettes with resistances as low as 1aD &s measured with our standard
will be able to resolve some of these ambiguities, anowingintracellular and extracellular solutions. Seal resistance of a set of five

kinetic inf fi to b btained f th . “cells, which met all of our criteria for voltage control, were in the range of
New Kinetic Information 1o be obtained irom otherwise 150-500 M, which is equivalent to a “gigaohm” seal when the large

standard electrophysiological techniques such as macr@jpette bore circumference (10-20arger than in the standard whole-cell
scopic ionic, gating, and single channel current recordingspipette) is taken into account. The pipette capacitance was not a primary
We call this methodhonequilibrium response spectroscopy con_sideration herg since thg primary inpgt bandwidth limiter is the series
While ordinary spectroscopy and nonequilibrium reSponséesstance at the pipette/cell interface (typically 2002309, land because

tr re rather different in practi the motivati nnoise is not an issue since the analysis of most of the fluctuating protocols
Spectroscopy are rathe ere practice, the motivatio ﬁwolves averaging over as many as 500 realizations of the random voltage

behinq them are ?‘nal()gous- The' goal of Ordinary_SpeCtrosfrlJctuations. The capacitance of the five cells in our sample varied between
copy is to determine the properties (the frequencies of thes and 72 pF.

Experimental setup
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Data acquisition and analysis

Fluctuating input protocols for the voltage clamp were generated numeri-
cally by programs written itMatlab (The Mathworks, Inc., Nautick, MA)

or C, and stored to disk as files of floating point numbers that could be read
by thePulseprogram. A typical nonequilibrium response protocol involved

a series of dichotomous voltage pulses all specified by the same four
parameters, two voltagés. , a bandwidthw,, and a temporal asymmetry
parametek (see Analysis Methods). Single pulses (up to 16K samples at
200 kHz) often included both the data collection pulse and the capacity
correction pulse to lower the acquisition time as much as possible. Holding
potentials between each pulse were-460 mV for 300-500 ms. A typical
protocol contained 500 pulses of different realizations of dichotomous
noise to acquire good statistics. Capacity and leak current were corrected
by a p/3 method using potentials no more positive thdr80 mV, and we
FIGURE 2 Drawing shown approximately to scale of the tip of one of gig not use nonlinear leak correction. One full protocol of this type (16 Mb
our low-resistance (100—-20@X pipettes sealed to a HEK293 celb0 pF of data) took~4 min to acquire.

in size. Pipettes were fabricated in three steps. The first step involved giandard current-voltage data were obtained before and after each
pulling the capillaries in a programmable micropipette puller to have bluntyygtocol to track the shift in kinetics known to occur in this experimental
taper with an initial tip diameter of-50 um. The end of the pipette was  gystem (Hanck and Sheets, 1992a), and we only made use of data when the
then dipped in melted wax while being backfed air pressure to prevent waxp;t during a single protocol was:2 mV. Typical rates of shift in our
from being drawn into the pipette via capillary action. After allowing the preparation were 0.25-0.5 mV/min in the five cells of the sample. The
wax to harden for a few seconds the pipette tips were heat-polishediait-point voltage of a Boltzmann distribution fit to the steady-state inac-
(Narashige Scientific Instruments, model 83, Tokyo, Japan) into theyyation was used as a yardstick to compute the potential skiftselative
rounded shape shown. This was done by the application of a few intensg) the half-point potential upon first breaking into the cell (averagis
bursts of heat applied very close to the tip until it flattened, and the openingnv)_ The shift for each protocol was then taken to be the average between
shrank to 4-9um. The heat-polishing melted away all the wax from the tne half-points just before and just after the data were recorded.

last 400um of the tip that might otherwise interfere with obtaining a good

seal. We found that a soft glass with a low melting temperature yielded

optimally shaped pipettes. The angle of the pipette tip was nearly 180° aAna|ysis methods
the point of contact, effectively eliminating most of the contributions to the

resistance due to the pipette taper. The majority of the final resistance washoice of model

then determined by the thickness of the glass at the aperture opening (pore o . . .
length), and the opening diameter whose upper bound was more or less Jgcause the principal purpose of this paper is to discuss the measurement

by the size cells one planned to use. The use of a harder glass, such a&3d use of nonequilibrium response data, and not to provide a comprehen-

borosilicate glass, resulted in a tip with a less optimal taper, and the finafive interpretation of the new information thus obtained, we chose a model

thickness of glass at the opening was also greater as a result of the longP™m the literature and reoptimized the parameters of the model to fit our
heat-polishing that was required. Useable pipettes made of this glass hégﬂa. The model (Vandenberg and Bezanilla, 1991b), which is illustrated in

higher resistances (in the 400—60@Kange, as tested with our standard 19+ 3. was originally proposed as a description of single-channel, whole-
solutions). cell ionic, and gating current measurements in the squid giant axon (Van-
denberg and Bezanilla, 1991a). As such it would at best be expected to
provide only an adequate description of another isoform of thé Na
Recordings of the ionic current from the expressed channels were mad%hannEI'. Howeve.r, I _ad_m|rab|y SEIVes the main purpose here, Wh'.Ch Is to
. - - summarize the kinetic information obtained from theppedpotential
using the whole-cell patch clamp technique. The data were acquired on @_ . ) . o -
Windows NT-based Gateway 200 MHz Pentium Pro computer using theserles. The fit to the experimental data can be quantified, providing a

Pulsedata acquisition program (HEKA Electronik, Lambrecht, Germany) )(/raerlifitl/zk tgytzv:lzt]eto ;?jezzl:ifs)thfer o?nmct)rl]]:tn(:fe:ser:elgfzron;ae“%ri]lit?gltjinfg-
and ITC-18 DA/AD board (Instrutech Corp., Great Neck, NJ). pp q

. o : . sponses of the channels.
In an attempt to maximize the intrinsic bandwidth of our electronics we L .
- L . . The rates shown in Fig. 3 were assumed to have exponential voltage
used a homemade headstage and amplifier originally designed for cardlag:e

10 um

Purkinje cell work that corners at a high frequenzy100 kHz) (Makielski pendence

etal., 1987; Hanck and Sheets, 1992b). The input and c_)gtput were digitized ai(V) - ai(O)exp(qieV(Si/kT), (1)
at 200 kHz. The output of the current-to-voltage amplifier was filtered at

50 kHz through an 8-pole Bessel filter to avoid aliasing, and digitized data B = Bi(o)exfi_Qi(l _ 8i)e\//kT],

were stored to disk at 16-bit precision. The temperature in the chamber was

controlled by a water cooling system (Fischer Scientific), and all experi-wheree;(0) andg;(0) are the activation rates at zero voltagethe gating
ments were carried out at 9°C. Input RC time constants were typically incharge valences, & 8, < 1 dimensionless parameters representing frac-
the range 8—-1@ws corresponding to input corner frequencies in the 10-14

kHz range. Series resistance compensation was not used.

L LT
4 B,

Solutions 5B,

. . .. . i G«J‘/ﬁ‘; (XJL 5
To increase solution conductivity, extracellular and intracellular solutions o - o o, o,
had 600 mM total ionic strength. Extracellular solutions contained (in — — —_ f— Cio
mM): 100 Na", 304 MES, 200 Cs, 2 C&*, 10 HEPES (pH 7.4). CI B CZ u31C3 uZB,C4 B, —5 B,

Intracellular solutions contained 10 Na294 Cs’, 284 F, 20 CI, 10

HEPES (pH 7.4). Liquid junction offset potentials were typicaiig mV. FIGURE 3 Nine-state kinetic scheme used to model the data. A similar
The voltage was corrected so that the offset was zero in the bath befonmodel was used by Vandenberg and Bezanilla (1991a,b) to model the Na
sealing the pipette to a cell. channels of the squid giant axon.
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tional electrical distance¥, the voltage in mVg the fundamental electric ~ shown in Fig. 3, where; is the Kroneker delta function, andepresents
charge,k Boltzmann’s constant, and@ the absolute temperature (here the operation of taking the scalar product (the 6 state is the open state
kT/e = 24.4 mV). The dimensionless parameteris a “multimeric” in this model). The dimensionless functi@fV) is a scaling function,
asymmetry parameter that is close to but not necessarily equal to unity. Thghich takes into account all nonlinearities in the instantaneous conduc-
parameters that describe the model are #¢d), 3,(0), g, 8, andu, where  tance including GHK rectification and block by divalents at hyperpolarized
Bs = asBsas is a constraint imposed by the principle of microscopic potentials, andy, is a constant that depends on the number of channels in
reversibility. These parameters determine the transition me¥rfor the the cell. The reversal potential ag@V) can be measured experimentally
Markov process that describes this nine-state channel model, where g,y seq to account for that part of the voltage dependence that is not
evolution of the probability distribution vectdi(t) is given by the kinetic accounted for in the model by gating. The exponential of the matrix was

(or master) equation (Van Kampen, 1981) calculated using matrix subroutines frdvtatlab and Mathematica.
dP(t)/dt = WP, 2)

which has the formal solution , ,
Dichotomous noise

dP(t)/dt = eXF(\Nt)P(O)' 3) The homogeneity with respect to time that makes the temporal evolution of

the probability distribution simple when the voltage is held constant is

generally broken when the voltage is allowed to fluctuate. However, this

property can be preserved at the expense of allowing the voltage itself to

fluctuate in a random but Markovian way. The simplest example of this

type of random voltage noise is know dE&hotomous nois¢Horsthemke

and Lefever, 1984).

The parameters of the model were selected usisgreulated annealing Dichotomous noise is a stochastic procéswith two statesy, € {V_,

algorithm of our own development (MM). Simulated annealing algorithmsV_}. The state of the noise is itself described by the kinetic diagram shown

that make a random search of parameter space with an ever-decreasiigFig. 4 A, where the rates. are the transition rates into the. voltage

search radius can be efficient optimization routines when many suboptimakvels. Dichotomous noise is characterized by the kinetic equation

locally stable error minima are likely to exist (Kirkpatrick et al., 1983).

Parameters are initially chosen at random, or according to some prelimi- _,

nary information. Then a number of random variations or “offspring” are dP(t) = I R P S S~ [P+

generated from this initial set. At the end of each generation the model with ¢t Rp(t), R= r_ —r.) p= p_) (6)

the smallest total chi-squared errqg)((Colquhoun and Sigworth, 1995) is

chosen to act as the new seed for the next generation. Thus there is a . o

survival of the “fittest,” hence the namgeneticalgorithm (Goldberg, ~ Wherep = (p*, p~) wherep™ are the probabilities of th¥.. states. The

1989). evolution of the probability distribution over the two states is given
The new parameters,(k + 1) at generatiotk + 1 are “bred” from the ~ formally by

old parametersr;(k) at generatiork via the following stochastic rule:

m(k+ 1) = m[L + oyexp—rk)], (@) p(t) = exp(ROP(0). (7)

Wherel5(0) is the initial probability distribution. In this paper we will used
arrows to denote vector quantities and tildes to denote matricies.

Model optimization

where g, are uniform random variables on the intervgl € [—A, A],
where 0< A < 1, andr is the annealing rate which sets the convergence
rate of the algorithm. New values for the random variables are chosen for

each parameter indexed byand for each new generation indexed ky (A) r.
The parameters converge in finite time to nearly fixed values, and the V = V
program is terminated after a fixed number of generations. The final search + r+

distances\exp(—r N, (whereN, is the total number of annealing gener-
ations) gives an idea of the final “uncertainty” in the parameters. Runs were

usually performed foN = 2000 generations at an annealing rate of G4

0.0025 and an initial search parameterdof= 0.05. In this case the final (B) B, L
variation of the parameters (identified as the convergence error) was LIRS NN
0.037% of the parameter values. A typical run teek2 h to complete on f‘E f‘B; 0"";

a PC running a 200 MHz Pentium Pro processor, but parameters usually
converged to within a few percent of their final values~#30 min.

Calculation of the ionic currents in response to
voltage steps

lonic currents of the model in response to a step in voltage are given by

1(t) = gea(V)(V — V)&s - {expW(V + VIHP(0)}  (5)

Where|5(0) is the initial distribution vector of the channel at the beginning

of the stept is the time from the beginning of the stépjs the voltage of FIGURE 4 Examples of kinetics scheme&) Gtate diagram for dichot-
the step),is the voltage shift in kinetics (determined experimentally at the omous noise. In our case = wy(1 * €)/2, wheree is called the temporal
time the data were recorded) from the baseline valjds the reversal — asymmetry, and, the fluctuation bandwidth B) Typical kinetic diagram
potential, ancg; is the “projection” vector (used to extract the probability for a channel. €) Extended kinetic diagram for channel [shown B)](
of the open state from the state vector) with componéngsor the model driven by dichotomous voltage fluctuations from the scheme showsy)in (
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Here we parameterize the transition rates by dijeand €, wherer. = are interested in the validity at high frequencies of the (adiabatic) assump-
wo(1 * €)/2 and 0= € < 1. Some examples of dichotomous noise are tion that we can simply replace the rates in the Markov process with
shown in Fig. 5. This dichotomous noise has the correlation function  time-dependent rates. We express the transition rates as time-dependent
exponentialse;(t) = o;(0)exp(g;8,eMt)/kT) and B;(t) = Bi(O)exp@i(l —
C(t) = (V(HV(0)) — <V(t)>2 5)eMt)/kT). In this case we can replace the homogeneous equétien
) WIVIP by an inhomogenous equatidh = W[V()]P. The fundamental
_ l-€ 2 assumption that leads to the exponential form of the transition rates are that
T4 (Ve = Vo) eX[X—wOM). (8) the potential barriers are large relative k&, and that the probability
distributions equilibrate within the potential wells on time scales that are
Dichotomous noise is known as colored noise because it has a nonwhitghort in comparison to the mean activation times over the barriers (Kram-
spectral density ers, 1940). The determining time scales for the latter assumption are the
intraconformational relaxation times (the times it takes for the protein to
o (1 _ 62)(V+ — V7)2 relax within the separate conformational states). If these times are much
Sw) = dt C(t)explimt) = > shorter than the correlation time (&) of the voltage fluctuations, the
dmra 1 + (o wg)’] system can always be considered adiabatically in quasi-thermal equilib-
(9) rium at the potentiaV/(t) within the well of a given conformational state.
This “intra-well” relaxation time is clearly in most cases much shorter
The parameter, is known as the bandwidth because it sets the cutoffthan the shortest correlation time of voltage fluctuation reached in the
frequency for the spectral density of the noise. When the bandwidth of thé&Xperiments described here (70-10€). Recently, Stefani and Bezanilla
voltage fluctuations is on the order of the kinetic rates of the channel, thd1997) reported apparent intraconformational relaxation times on the order
dynamical response of the channel can become quite complex, and this & 2 1 in the earliest activation state of tBéakerk " channel. This does
the effect that we are interested in. The parametknown as the temporal not necessarily totally preclude the possibility that one or more slow
asymmetry (Millonas and Chialvo, 1995), controls the relative amount ofdiffusion steps (steps modeled by a continuum of microconformational
time spent in each voltage state. When 0 the voltage spends more time  States) may be needed to model the high frequency response, and the
on average in th¥/, state (e.g., Fig. &), and where < 0 it spends more methods discussed here may provide a more sensitive test of just this. Such
time in theV_ state (e.g., Fig. D). A detailed discussion of the mathe- treatments are known as composite Markov models (Van Kampen, 1981).
matics of dichotomous noise as well as its application to the Hodgkin-Barring this eventuality, the discrete Markoviimeworkshould remain
Huxley model can be found in Horsthemke and Lefever (1984, Chap. g)yalid for all the frequencies currently reachable with this technique. This is
Discussions of the effect of the bandwidifyand temporal asymmeteyin not to say thaspecificMarkov models will remain valid at these frequen-

some simple model systems have been published previously (Millonas angies, and it is likely that specific models will have to be refined, even
Chialvo, 1995, 1996b; Dykman et al., 1997). within the transition state framework, in order to provide a full description

of the high frequency response behavior.
An n-state channel described by a kinetic scheme such as pictured in
Calculation of mean ionic currents in response- Fig. 4B (heren is 4) and driven by the dichotomous voltage fluctuations

dichotomous voltage fluctuations from the model is then described by a scheme such as pictured in F@.Phe evolution
of the conditional probabilities can be described by the joint set of

We have assumed an exponential dependence of the activation rates eguations
voltage and temperature in accordance with Eyring rate theory (Eyring,
1935) and Kramers’ microscopic activation theory (Kramers, 1940). We

—o0

P . . -
ot > WiV P —r P +r.P, (10)
j=1
A v
P 0 _ . _
i = 2 WlVIP +r PP (1)
V. j=1
®) . N . .
whereP;" is the conditional probability that the channel is in ilie state
} given thatthe voltage is in th&/.. state. The first terms on the right-hand
L side of each equation describe the kinetics of the channel & trendV _
voltages respectively. The last two terms in each equation describe the
© random transitions of the voltage state, and couple the equations together.
If we think of each state of the system—including both the channel (Fig.
W 4 B) and the voltage (Fig. /A)—as the discrete states of an extended
Markov model (e.g., Fig. £), then we can write Egs. 10 and 11 as a
homogeneous Markov model im2limensions, (in Fig. 4,12 = 8) with
2n-dimensional conditional probability distribution vecfarThe evolution
®) of ¢ is then described by thenzimensional homogeneous kinetic
equation
do .
2 ms dt iz
FIGURE 5 Examples of dichotomous noise with different temporal W = WV, ]—-r1 " rel > F:+’
asymmetries and bandwidth#)(e = 0 andw, = 14 kHz, B) € = 0 and r.l WV_]—-r,1) 50 P )

wo = 7 kHz, C) e = 1/2 andw, = 14 kHz, and D) € = —1/2 andw, =
14 kHz. (12)
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where in formal terms we have taken the product space of the two systems A)
(for channel and voltage) and have formedrad2mensional Markovian

description of their joint behavior. The formal solution for a single channel

driven by dichotomous noise is then

p(t) = exp)5(0), (13)

where(0) is determined by the initial state of the channel and the initial
state of the voltage. In all the experiments done here the initial state of the
voltage was set to the depolarized vaMe, so $(0) = (P(0), 0). In
principle this situation is not required, and one could start with a random
initial state of the voltage. In such a case the initial conditions is given by 230
$(0) = {p. (0)P(0), [1 — p.(0)]P(0)}, wherep, (0) is the probability that @
the initial state of the voltage ¥_, and is controlled by the experimenter. 021

Equation 12 describes the behavior of single channels in response to
dichotomous voltage fluctuations. When we record from whole cells we
average over many channels, each of which experiences the same fluctu-
ation of the voltage. A simple way to use Eq. 13 to analyze whole-cell
recordings is to average over many different realizations of the voltage
fluctuations. This method provides a straightforward way of analyzing the
data and making comparisons with kinetic models since it requires the
same type of mathematical apparatus as used to describe the gating for 0.15
stepped potential protocols.

The average macroscopic ionic current is then given by a calculation 0.13 NP
analogous to the computation for the ionic currents in response to voltage -160  -120  -80 -40 0 40
steps. The whole-cell current (in the open state) during/thphases of the Voltage (mV)
voltage waveform i$. = g,g(V.)(V — V.)Pg, wherePg are the condi-
tional probabilities that the channel is opand the voltage is in the/.. FIGURE 6 Instantaneous current-voltage relationship described in the
state. In terms of therdimensional conditional probability vectg(t) we  text. (A, inse) Current transients for the first 1Q@s after a change in the
havePg () = & - #(1), where&; = (&, 0) and& = (0, &). Thus the  voltage. The currents settled to their new instantaneous value5@nus.
average macroscopic ionic current in response to dichotomous voltagga) Instantaneous current-voltage relatioB) (nstantaneous conductance.

Current (nA)

~—

gV) (1S)

fluctuations is given by The instantaneous conductance has been fit to a third-order polynomial in
. . V (Vin mV) whereg(V) = go + g,V + g,V? + g5V with g, = 0.01609,
(1) = gola(V)(V — V)& + a(Vo)(V— V)& '} g, = —8.2110% g, = —4.72 105, andg, = 1.49 10°®, Values obtained
5 (14) from the fit were used in the model to account for the instantaneous voltage
- (expWt)p(0)). dependence of the channel conductance.
RESULTS two well understood nonlinear features that affect current

_magnitude: at hyperpolarized voltages there is a significant
Several common stepped protocols were used to establigflock py divalent cations (here the extracellulaCas 2

some of the basic properties of the channels we worked withy\1) and near and positive to reversal potential there is
and to provide a yardstick for comparison of the result fromgk rectification of the Na (and Cs) conductance. In order
the nonequilibrium response protocols. to “normalize” for these features, we calculated the instan-
taneous conductanceg(l)] as shown in Fig. 8 and in-
cluded a constant multiplying factor in the modelirgg)(as

one of the parameters to be optimized, although in principle
Tail currents (see Fig. 8) were recorded for 10 ms by firstg, could be experimentally determined by single channel
activating the channel for 1 ms pulse-880 mV, and then analysis. In the cell we used here we report here the major
changing to a range of potentials betweet50 and 30 mV.  source of variability arose from different numbers of chan-
Data were capacity- and leak-corrected as described inels in the cells, but this normalization procedure can allow
Methods. Typical resulting current transients near the timeomparison of data obtained under differing experimental
of the voltage change are shown in FigAGinset For cells  conditions. Precedent for similar normalization is common
with good voltage control, current typically settled to its in the literature (e.g., Stimers et al., 1987).

new value in 30-5@s. The currents at 5Qs are plotted as

a function of the voltage in Fig. B (instantaneous current-
voltage relationship, 11V). The magnitudes of the currents in
such open channel current-voltage relationships represeiio follow (and account for) the negative shift in kinetics
the product of the number of channels in the cell, thewith time that is well known to occur (Hanck & Sheets,
probability of being open immediately before the step (de-1992a), we obtained steady-state inactivation data (SSI) at
gree of activation), and the single channel current. Theseveral intervals during an experiment. Conditioning volt-
largest source of variation between experiments is of coursages were presentedrft s and then the membrane depo-
the number of channels in the cell. However, there are alstarized to—30 mV for 10 ms. A recovery intervalf@ s at

Instantaneous voltage dependence

Inactivation
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—150 mV separated each conditioning step. Data were
capacity- and leak-corrected, and peak currents plotted as a
function of conditioning potentials. Data were fit with a
Boltzmann distribution

I
— =[1+expV— Vs, (15)
Imax
whereV,, is the voltage at half maximum, arsds a slope
factor in mV. Based on data from more than 30 cells a best
estimate ofV;,, upon first breaking into the cells is95

mV. This voltage was used as our reference point in deter-
mining the shifts. FIGURE 8 Tail current traces taken after an initial activation pulse of the
voltage was changed to voltages fremi50 to 30 mV in 6-mV increments.

Activation and tail current kinetics

. . o ear capacitive current responses to an identically shaped
Current-voltage relationships (activation) were recorded for P P y P

. scaled waveform applied over a potential range no more
30 ms after steps to a range of potentials betwe&B0 and PP P g

. . . positive than—130 mV) were recorded as rapidly as pos-
;347ITI]3sthrgvrCSathh§I((:jcl)rr]rgegpc))ct)?]r(]jtilr?glj(:)z;i(i::;yer(lltzl\?ér?jl LoSible while still ensuring that the channels achieved full
agé relationship (IVP). Fig. T shows the conductance recovery between pulses. The capacity and linear leak cor-

transform of the peak current where FigDs the conduc- rec_ted fluctuating current tra_ces were then the raw data,
tance proper, taking into account the measured instanta\{ylﬁ“.Ch we further analyzed. Fig. A-H s_hows e>_<amp|es of
neous voItagé dependence and shift. The tail current protou-nﬂlte.red raw data traces from a typical cell in our repre-
col is described in the InstantaneOL.Js voltage dependencse.matlve.Set for varying bandwidths of the vpltage fluctu-
section. The activation and tail current transients (Fig 8)zﬁ|ons. Fig. 91-L show examples of capacity and leak

' . "__ ‘corrected data from the same protocols for an untransfected
were the data we used to fit the model parameters. Th

primary kinetic features observed here were consistent witﬁ'ﬂ'EK293 control cell. As expected_, m_the untransfected ce_zll
previously published data (Sheets et al., 1996) t ere were no_uncorrected contributions from the capacity
” ' transients (typically on the order of more than 100 nA peak

current) or noticeable endogenous conductances. It should

Raw data and average responses be noted that a small endogenous current can be observed in

Raw data in the form of current responses to pulses of
fluctuating voltage together with “capacity templates” (lin-
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FIGURE 7 Activation data.A) Activation current transients for pulse FIGURE 9 Capacity and linear leak-corrected raw data traces for dichot-
from a holding potential of~130 mV to a range of potentials between omous noise voltage fluctuation®-H) using hH1a, andI{L) in an
—130 to +44 mV in 6-mV increments.RB) Peak current as a function of untransfected HEK293 cell. The temporal asymmetry O in each case,
voltage. Conductance as a function of voltag® pefore taking into  and voltage fluctuation bandwidths, (in kHz) are @) 14, @) 10, (C) 5,
account the instantaneous current voltage relations, @pddaled to take (D) 3, (E) 2, (F) 1, (G) 0.7, and H) 0.1, () 14, Q) 5, K) 2, and () 0.7.
account of the voltage dependence of the conductance, and shifted to takéiis cell had a capacitance of 47 pF and an input RC time of.46
account of the potential shift, and normalized to the maximum value. TheNonlinear leak correction was not used here since the nonlinear leak (see
line is a Boltzmann fit to the curve witk(,,, = —33.6, ands = 9.4 mV. fluctuations inl-J) was very small relative to the whole-cell currents.
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some of these cells (Ukomadu et al., 1992)~110% of the
untransfected cells we observed snigl| of <150 pA.

When computing the average responses, the number of
pulses required to eliminate fluctuation in the average cur-
rent records depends upon the frequency of the voltage
noise. More pulses are required for lower frequencies since
the correlation time of the voltage fluctuations is longer. For
very high frequencies the approximate shape of the response
can be determined with only a few tens of pulses. However,
to produce similar averaging for all voltages and frequen-
cies we typically chose to average a large enough number
(200-500 pulses) to ensure an appropriately smoothed av-
eraged response for the lowest frequency in a particular
series. In this way the averaged responses can reasonably be
compared to each other across a frequency range.

Analysis

Fitting the stepped data with a kinetic model

At the voltages and on the time scales considered here the
important processes that determined the nonequilibrium re-
sponse are activation, deactivation, and inactivation. ConE/GURE 10 @) Activation data for pulses tal@rk lineg (B) Deactiva-

g : jon (tail) current datadark line) together with the predictions of the final
Sequently’ we used the activation and tail current trace§1odel (see Fig. 3). The error between the model and the data, as defined

(Figs. 7A and 8) to estimate the parameters of our chosef), 4. text, isys = 0.107 nA. Rates take the form = «;(0) expeqs,V/KT),

model. and B, = B(0) exp(~eq(l — &)V/KT). Optimal model parameters are
The parameters were optimized via the method describegiven in the following table, whera = 1.2:
in Materlals qnd Met.ho.ds. The caption for Fig. 10 provides; «(0) (5 B(0) (s°Y g 5
a list of the final optimized parameters for the model. The
final fit of the model to the data set chosen is shown in Fi 4779 103 283 0.053
: 92 5045 121 3.16 05
10,A andB. The errorys = 0.107 nA was reasonably small, 3 1684 2360 0.077 0.78
although not negligible. 4 19.8 * * 0.12
5 800 59.8 0.16 0.33
*The rate B4(V) = a,Bs/as was determined by the constraint of micro-
Comparing model predictions to the observed scopic reversibility. The total gating charge of the model is .8

nonequilibrium response

Earlier we argued that no new information (relative to that
obtained from stepped potentials) can be obtained fronin order to learn something new. The model derived above
experiments in which the driving frequency is slow relativeis helpful in evaluating this question. The shape of the
to the kinetics of the channel, and only at higher frequenciesrossover region depends on the kinetics of the channel in
we would expect to obtain new kinetic information. The question. The mismatch of the model from the experimental
results (Fig. 11 A-H) obtained by comparing the predic- data occurs at frequencies-efl—2 kHz. Not coincidentally,
tions of the model optimized on stepped potential datahis is also the region of most rapid change in the peak
confirm this conclusion. At low frequencies (Fig. IB5H)  inward current of the average response, which nearly dou-
the model predictions agree very well with the observedles when the frequency is lowered from 3 kHz to 1 kHz.
nonequilibrium responses. Thus, the model parameters d®ver much higher and lower frequencies the peak inward
termined from stepped potential data are sufficient to deeurrents change very little.
scribe the response at these low frequencies, and no newFig. 10J provides a rough quantitative estimation of the
information can be obtained from an analysis of thesenew information contained in the nonequilibrium response
responses. However, there is a clear mismatch between tlxy calculating the chi-squared errogf of the model pre-
model and the data in both the short- and long-term behawdictions with the corresponding experimental data from the
ior for the highest frequencies (Fig. 14;C) indicating new  nonequilibrium response. The error at each frequency is
kinetic information about both the activation-deactivationnormalized by the error of the model with respect to the data
pathway and inactivation. from the stepped potential protocols. Thus, a normalized
Of particular practical interest is frequency range (crosserror y4(wg)/xs much greater than unity would indicate that
over frequency) where the mismatch begins to occur, bethe error of the model with respect to the nonequilibrium
cause one would like to operate at or above this frequencyesponse data was significantly greater than the error with
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025 06 16
o, (KHz)

FIGURE 11 Nonequilibrium response as a function of the voltage bandwiltid)(Mean transient ionic currents in response to dichotomous noise
voltage fluctuationsdark lineg, and the predictions of the model based on stepped potential datafunljirfe. The temporal asymmetry= 0 in each
case, where parameters are give in the following table:

wg (kHZ) V, (mV) V, (mV) V. (mV)
A 14 -30 ~120 22.0
B 10 -32 ~122 23.0
c 5 —34 —124 23.5
D 3 -36 ~126 23.9
E 2 -38 ~128 24.4
F 1 —40 -130 24.7
G 0.7 —42 ~132 25.0
H 0.1 —44 ~134 25.3

Each trace is the average of 500 raw data traces. At high frequencies the model does not provide an adequate description of the response tindicating th
new aspects of the kinetics are being probed at high frequenbiddeén current transients fes, = 0.7, 1, 2, 3, 5, 10, and 14 kHz. Peak mean currents
decrease as the frequency is increased. Inset is a blowup of the transients that shows the pronounced decrease in the initial rise rate as the frequency
increased.J) Comparison of the fit of the model to data from dichotomous voltage fluctuations with the fit of the model to stepped voltages as described
in the text. The dashed line shows the approximate line above which extra kinetic information is being obtained from the nonequilibrium sponse. (
Divergence of the datadérk lineg from the model predictionglt{in lineg for the nonequilibrium response at, = 10 and 14 kHz.

respect to the stepped potential data. This difference in th&—2 kHz, and the normalized error is well above unity for
error at least grossly quantifies or indicates the new inforfrequencies higher than this.

mation contained in the nonequilibrium response. When Although the nonequilibrium response transients bear a
considered from this perspective the crossover is also neaesemblance to the responses to stepped potentials, they
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contain different information. As the bandwidth is varied, distribution. For dichotomous noise we haxge = (1 * €)/2
different kinds of cooperative effects come into play whichso that

are impossible to bring about in simple stepped potential _ N N . .

protocols. For example, the peak current of the nonequilib{W) = ¥2(W[V. ] + W[V_] + W[V, ] - WV_])}.  (19)
rium response reflects the interplay between the net openi
rates in theV, state and the deactivation rates in ttie
state. For temporally symmetric noise € 0) the voltage
spends the same time (on average) inthestates. Since
the deactivation rates during thle phase are faster than the

n,glthough the model appears to have a higher saturation
frequency than the channel, the high-frequency response
will rapidly approach this limit. Higher frequencies than this
will not tend to provide more information until frequencies

net activation rates in th¥, phase, the peak current de- approach the frequency of intraconformation fluctuations.

creases as the bandwidth is increased. The shape of tﬁAe!S already mentioned, this is possibly as high as 80 kHz.

decrease (crossover) thus gives very sensitive information In tt?]e limit of extremlely SLOW drlvmg frTqu?nqets (sinall
about the early activation kinetics (as well as otherfeatures)‘,"") e response also has a simple forR() =

particularly the relative rates of activation and deactivationg)(p(vv[VJf])P(O)~ for our initial conditions (most generally

at the two voltages of the dichotomous noise. Further infor () = p+ EXAWIV,)P(0) + (1 — p.) expWV_]P(0)).

mation about the voltage dependence and relative rates iT{nis limit ho_Ids for short times because the voltage does not
obtained by varying the voltage¥. and the statistics change during the pulse for< 1/w,.
(through€) of the voltage fluctuations, as is illustrated in

Figs. 13 and 14. A better model for the stepped voltage series

Because the Vandenberg and Bezanilla model (Fig. 3) does
Saturation of the response at high and low frequencies not provide a perfect fit to the stepped voltage series, one
There appears to be a saturation of the response that occuféght wonder whether the high frequency deviations be-
at ~6-10 kHz, as is best seen by Superimposing the reT.WGen the model predictions and the observed NRS re-
sponse at 10 kHz and 14 kHz, as shown in FigklIThe =~ sponse might be somehow related to the underlying errors
existence of a high-frequency saturation can be understod®f the model. Although the analysis of the relative errors of
quite easily if the fluctuating voltag¥(t) has a correlation the model predictions with respect to the data set was
time that is much less that the shortest time constant of th&icorporated to allay any reservation in this regard, we also
kinetics (m the V0|tage range Considered)_ In that case WétUdied a modified version of the Vandenberg and Bezanilla

can rep|ace the inhomogenous kinetic equatié(t)ﬂjt = model with additional open and inactivated states, as shown
\7\/[V(t)]|5 with the equation in Fig. 12A. This model provided a better fit to the data than
. the original scheme (Fig. 12 andB). On the other hand,
dP(t) N the high-frequency divergence of the model predictions
dt = (W)P, (16)  from the NRS transients is the same, that is, there is no
N improvement at all in the fits of the model to the data in the
where(W) is the mean kinetic matrix high-frequency regime as would be indicative of the reso-
lution of kinetic features, or the opening of new kinetic
T % pathways. If anything, the high-frequency fit is now worse.
W) JdVPO(V)W[V]’ (27 This belies the possibility that the discrepancies are due to

errors in the model that could have been somehow discerned

and wherepy(V) is the stationary probability distribution of py the stepped potential series.
the voltage fluctuations. Equation 16 has the formal solution

P(t) = exp(W)t)P(0). (18)  Monte Carlo simulation of the finite bandwidth and

Thus, the response is independent of the initial state of the P ling effect

noise and the frequency of the noise (as well as its otheAlthough our peak current could be rather large8(nA),
statistical properties) in this limit, and only depends on thethe low resistance of our pipettes (200—-30Q)kensured
probability density of the fluctuations. good voltage control. In general, however, there will always

Equation 16, in fact, holds true for any noise with aarise a DC voltage drop across the access resistance, the size
correlation function that vanishes on a time scale that iof which is determined by the relative magnitudes of the
short compared with the shortest relaxation time of thecurrent and the series resistance. This is a source of error in
channel. This situation may prove to be of great use experstepped protocols as well as the NRS series and, as such,
imentally if high enough frequencies can consistently bdimits modeling efforts based on both types of data. It
reached. For instance, more complicated types of explorashould be noted that the series resistance errors in our
tion of the kinetics can be performed and analyzed by using@xperimental systems are equivalent or less than other high-
noise with a continuous spectrum of voltage states by deguality recordings where although ionic current may be
signing a high-frequency noise with a specified probabilitysmaller, but series resistance is usually larger.
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FIGURE 12 Response of the modified version of (B)
the model. A modification of the model shown in Fig.

3, the one shown inA), was also fit to the stepped

potential series. It provides an improvemeB C)

over the fit of the original model (see Fig. 18,and

B), particularly over the longer time scale—K)

NRS transients for varying frequencies. While this

model fits the low-frequency NRS transients better, as
would be expectedO—F), the fit of the high-fre- 3 nA
quency NRS transients is just as poor, and perhaps

even worse. Since the improvement of the fits to the 8 ms

stepped potential series did not improve the high- o))
frequency responsd—K), we can confidently con-

clude that the discrepancies are due to new kinetics

information that could not be discerned from the (C)

stepped potential series.

(H)

@®
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A more serious concern in applying this technique to The cornering of the voltage waveform will have the
channels lies in the interaction of the finite input bandwidthmore profound effect on the response. However, we also
with the input cornering of the voltage waveform, as illus- included the effects of the voltage drop across the resistance
trated in Fig. 13A, where at the highest frequencies the of the pipette. Although this increased the difficulty of the
voltage may not completely settle before it changes. Suchumerical simulations in the case where the potential drop
voltage errors might accumulate and could adversely affecivas modeled by a finite resistance, it allowed us to assess
the modeling. In addition, since there is a finite samplingthe relative contributions of both the cornering and voltage
rate of 200 kHz, the noise will not be perfect dichotomouserror due to the pipette bandlimiting bottleneck.
noise because the voltage will only be allowed to change at The cornered voltage wave formg(t) were computed
discrete times. Both of these could potentially lead to afrom the original input waveform¥/(t) by integrating the
divergence between the model predictions and the experequation
mental measurements at high frequencies. Since we have
taken care to keep the bandwidth of the voltage fluctuations Vi(t) = —(V; — 1()rs — V(b)/, (20)
within the range of the input bandwidth, it is reasonable to
expect that both must be relatively unimportant sources ofvhere r is the experimentally determined inpRC time,
error for the data presented. However, the model provides andR, the series resistance of the pipette-to-cell connection.
useful way to test for such errors in a more general way. This equation has to be integrated simultaneously with the

Monte Carlo simulations of the model were performedequations for the evolution of the current when the resis-
under conditions identical to experimental ones in order tdance is nonzero.
test for the effect of systematic sampling or input cornering Equation 20 can be expected to provide a fairly good
errors inherent in the method. The voltage waveforms werestimation of the cornering effect. However, an even more
generated by the same random subroutine that was used &ocurate method, which might prove useful when the pre-
generate the protocol files, and they were digitized at thecise voltage needs to be determined, would be to integrate
experimental sampling rate of 200 kHz. the measured capacity currerigt), whereVy(t) = C*
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(A) current was slightly larger in the cornered case. We used a
value slightly above the input corner frequency of=

1 7 | I [y Cop (o A
H H’ W F WHW” \ “{\ rw \‘”“ }\( [‘ ;&‘W 1/27RC ~ 10 kHz, so a small deviation is to be expected.
j L‘ ‘H Ll il \‘ LG However, the error is quite small when compared with the
(B) divergence of the response from the actual data, which are
"WM\ r"“wﬂ”“’\lw 'VMVM\ e \]\lﬂ" experimentally substantial. Also, as expected, the error al-
[ s " ‘“T most completely disappears when voltage bandwidth is
©) 10ms lower than the input bandwidth (Fig. 13).

The response to the cornered voltage is greater than the
response to the uncornered voltage for the same reason that
the response increases as the bandwidth is decreased (Fig.
11, A-H). The peak responses depend on the interplay
between the rates of opening during the depolarized phase,
V., and the rates of deactivation during the hyperpolarized
phase,V_. Because the voltage spends (on average) the
same amount of time in th¥.. states for temporally sym-
metry fluctuations € = 0), and since the rates of deactiva-
tion are faster than the rates of activation, the increase in the
response when the voltage is cornered (or alternatively,
when the bandwidth of the fluctuation is decreased), is a
consequence of the increased amount of time the voltage
stays at a given voltage. This increase in the correlation time
makes the biggest difference for the average rate of opening,
since these transition rates are slower than the deactivation
rates. The precise details of the crossover of the peak
FIGURE 13 Monte Carlo simulations of nonequilibrium response pro- currents at high frequencies (Fig. 14-H) in fact gives
tocols. () Typical voltage waveforms before and after cornering, #)d ( yery sensitive information about the relative rates of open-
Fhe single trace currept responses to these waveforms. The input RC' “n]‘ﬁg and deactivation of early events in the activation pathway.
is 16 us. (C) Plot showing mean response before (UC), after (C), cornering, . . : .
the model prediction (M), and the experimental data (D) «gr= 14 kHz, The simulations shown in Fig. 13 took several hours on a
ande = 0. Simulations are the average of 500 pulsB3Mhenw, = 5the 200 MHz PC to compute. This is the approximate length of
mean responses are almost identical, as expected. The same is true up to the it would take to compute (via Monte Carlo methods) a
input corner frequency as was verified by simulatid) $ame as in@)  single nonequilibrium response transient of such a model,
except RC indicates the simulation wheRe= 300K). This simulation and this serves as a reminder of the importance of analytical
shows the average of 160 pulses. . .

methods presented here. By making use of the mathematical

solution of the problem many such transients can be calcu-
J5 dti(t), and whereC is the measured capacitance of thelated in a few seconds, making optimization schemes such
cell. Equation 20 was integrated by means of the Euleas the one discussed in Materials and Methods possible.
method with an integration step of 0/s (1/10 of the Fig. 13D shows the simulated current of the model for a
sampling time). This was-30X smaller thatr. The re- resistance of 300® together with the theoretical predic-
sponse of the channel to both the cornered and uncornerédins and the experimental data. From this we see that the
voltage waveforms was then integrated at the sampling ratéeviations from the theoretical calculation are nearly the
(At = 5 us) by usingP(t + At) = expMW[V()]At)P(t). We  same as in the case where there was only cornering. Our
averaged the response of 500 different realizations of digeneral findings with regard to errors that arise as a result of
chotomous noise with the given properties. This corre-both cornering of the voltage and the series resistance errors
sponded to the 500 experimental traces that were averagede as follows. 1) As long as the voltage drop across the
to produce each response in Fig. @3 access resistance is sufficiently small to ensure good voltage

Fig. 13B shows the model predictions, the Monte Carlo control the error is negligible. 2) The deviations in the
simulations with and without the input cornering of the response to dichotomous noise voltage fluctuations of a
voltage when the voltage error is neglected<R), and the  given bandwidth with respect to the theoretical predictions
experimental data for the highest frequency used (14 kHz)is negligible so long as thRC corner frequency of access is
and an inpuRCtime of 16 us, corresponding to the input greater than or equal to the noise bandwidth (in Fig. 11 the
RC time of the cell from which the data in Fig. 11 were RC corner frequency is~100 kHz). While these results
taken. The model predictions and the simulations withoushow that we can interpret the data from our NRS experi-
cornering agree, indicating that, in the limit of high-input ments with confidence, they illustrate an important point
bandwidth the sampling error has no effect, as expectedand one that must be taken into account to by those attempt-
The simulation for the cornered voltage differed from theing to make use of these methods, that is, adequate high-
model predictions by a small amount—the mean inwardrequency voltage control is a very important prerequisite
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for doing these types of experiments. ExperimentalistEffects of varying the temporal asymmetry e of the noise

should not only keep this in mind as they apply such_. B .
techniques, but should constantly check to ensure voltagle:zlg' 15, A-E shows the effect of varying the temporal

. . asymmetry parametes. As e is increased from negative
control at the appropriate frequencies. . X

values to positive values, the peak mean inward current
increases. In each casg = 8 kHz,V, = —30 mV, andv_
Effects of varying voltages = —120 mV, wheree took the valuest0.5, +0.25, and 0.

The results and discussion above lead to the conclusion thc:;ll-the predictions of the model are shown with the data. Once

new kinetic information is obtained only by driving the again in each case we are driving the channels at high

. fr nci nd the model predictions show a mismatch
channels at frequencies that are at or above the crossover Juencies, a d the model predictions show a mismatc

frequency. Furthermore, the response tends to saturawth the experimental data. The data in Fig. 15 are from a

above this point. The closer we get to the saturation pointcﬁﬁerent cell that the rest of the data in the paper. We scaled

: . . o to take account of the differences in the number of
the more new information can be obtained. Our goal the ; .
. . : - channels in the cell in such away that that the scaled model
should be to drive the channel either to the saturation poin o ) . .
predictions fit the stepped potential data from this cell.

or the input cornering frequency when the saturation fre-
quency cannot be reached.

Thus, a logical series of nonequilibrium response protoDISCUSSION
cols is one in which all the protocols involve driving the -
channels near the maximum frequency, while varying somé{\le have ;hown that models that are sufficient tq reproduce
other parameters like the values of the two voltage Ievelst.he behavior of channels when constant potentials are ap-
Fig. 14, A-E shows an example of such a series, where

0y = 10 kHz andV_ = —120 mV throughout the series, A
while V/, takes the values-70, —45, —20, 5, and 30 mV. ) £=-05
The model predictions are also shown. M

(Bz £=-025

A

(B) V,=-45mV

10 ms

FIGURE 15 Effect of varying the temporal asymmetry parameter. These
data are from a different cell from the rest of the data exhibited in the paper.
This cell has a capacitance of 45 pF, and an input RC time @fslin each
caseV, = —30 mV andV_ = —120 mV, where parameters are shown in
the following table:

€ Ve (MmV
10 ms s (MV)
A -05 7.9
FIGURE 14 Effect of varying the voltage. In each ca&se= —120 mV, B —0.25 9.5
wo = 10 kHz,e = 0, andV, = 25.5, where&) V, = —70mV, @)V, = C 0 11.0
—45mV, Q) V, = —-20mV, D)V, =5mV,and ) V, = 30 mv. D 0.25 12.1

Response transients show the average of 200 raw traces. Thin lines shdw 0.5 12.7
predictions of model based on stepped potential data. Data are from thResponse transients show the average of 500 raw traces. Thin lines show
same cell as in Fig. 11. predictions of models based on stepped potential data.
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lied are not sufficient to reproduce the response when
P P b 3:2:1 Cl%c 2io”c%o

rapidly fluctuating potentials are applied. This is true even 27 ©3
though the discrete Markovian framework is expected to (A) 2o 3
remain valid at the frequencies reachable in the laboratory. 1:2:3 CI . C.—(C =
We have argued that these discrepancies arise from the B 2B 3B
ambiguity of kinetic experiments: there are potentially
many such models able to reproduce the data. While these ©)
ambiguities fundamentally arise from an inability to mea- *30 32 o
sure the rate constants directly, or even to know how many (e/ms) 123 [(B)
gross conformational states to model, they are also related to 20 / /
the nature of stepped potential protocols. Below we discuss 10 [ /
in more detail how these ambiguities arise in stepped po-
tential experiments, be they macroscopic ionic, gating, or ' 0.5 i 1.5 2
single channel recordings, and why nonequilibrium re- D) o6 e
sponse methods can provide new, complementary kinetic 0.5 123
information even from well studied channels. 0.4

0.3 ~3:2:1

0.2

0.1
Comparison of stepped potential and |/ ©,~ 10KkHz

—— 1 2 3 4 5

nonequilibrium response methods ms

An example of the sensitivity of gating current measure- (E)

ments over conductance measurements was provided by

Armstrong (1981), which we reproduce here in a slightly

modified form. Consider the two models shown in Fig. 16

A. Scheme 3:2:1 is somewhat analogous to the Hodgkin-

Huxley model, while 1:2:3 represents an entirely different

scheme. For our purpose we assume that for both models

each transition involves the motion of a gating Ch?‘rge_e?’f 4 FIGURE 16 Two different kinetic models of the activation pathway of

such that the voltage dependence of the rates is given by, ion channel.&) Conductance time courses ari) gating current time

a = ag exp(2VIKT) andB = B, exp(—2eVIKT), where we  courses comparing the 3:2:1 model (FigA)land the 1:2:3 model (Fig. 1

setag = 3 andB, = 0.1. As pointed out by Armstrong, Fig. B). as pointed out by Armstrong (1981). Mean conductance time course in

16 B shows that the conductance time courses of the twdesPonse to temporally symmetric dichotomous voltage fluctuations be-

models are almost identical, although the gating currenf'ce" 0 and-40 mV. for () wo = 10 kHz, and B) w, = 0.1 kHz. ©)

. ! . - hows the conductance time course in response to constant steps to 0 mV

time courses for the two models (Fig. §j differ dramat-  znq—40 mv.

ically. The sensitivity of gating current measurements arises

from the fact that gating current gives more direct informa-

tion about the kinetic transitions between the closed conalent to or higher than their natural kinetic rates to obtain

formational states. information about the channel that cannot be obtained from
The two models can also be compared in a different waystepped potential experiments. Second, the advantage of

by measuring the nonequilibrium response. FigDl8ndE  fluctuating voltage clamp experiments over stepped voltage

show the mean conductance time courses in response tockamp experiments is similar (compare Fig. G6andD) to

voltage that fluctuates randomly betweerl0 mV and 0 the advantage gating current measurements have over ionic

mV, with different mean frequencies,. Fig. 16 F illus-  current measurements, and lastly, this difference cannot be

trates the conductance time course for steps to 0 mV anceduced (as in the case of Fig. Cpto the blanket statement

—40 mV, showing that the two models are nearly indistin-that this advantage is a consequence of measuring the ki-

guishable at these voltages. In Fig. D6the voltage fluc- netics more directly, since Fig. 1 D, andF measure the

tuates at a rate (10 kHz) which is high relative to the naturabame thing—the conductance time course.

kinetic rates of the channel. The mean conductance time The difference between the responses shown in FigB 16,

courses can be used to distinguish between the models ahd D is the protocol. For this reason this method can be

this frequency. However, as shown in Fig. E6when the  expected to yield new kinetic information even from chan-

frequency is low with respect to the kinetic rates of thenels that have already been well studied using the standard

channels (0.1 kHz), the mean conductance time coursestepped potential techniques. Since it is a paradigm about

converge. howexperiments can be done, and ndtatis measured, the
The examples of Fig. 16 illustrate three important thingsnonequilibrium response method seems very likely to be

about driving channels with fluctuating voltages. First, asuseful across the spectrum of electrophysiological tech-

already discussed, they must be driven at frequencies equiniques. The application of this technique to gating currents
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in our experimental setup is nearly as simple as changlngV[V]Peq(V) In a stepped potential experiment we
the solutions. Although it would involve using different prepare the channel in an initial std?gq(vo) on the equi-
electronics and perhaps a more limited input bandwidthlibrium submanifold at the point parameterized gy, At
these techniques can also be applied to single channél= 0 the voltage is stepped 9, and the system executes
analysis. In fact, nonequilibrium response techniques ara brief excursion away from the line of equilibrium states
likely to prove applicable to any observational paradigmbefore returning to this line at the new poﬁ’gq(vl). While
that involves application of electric fields. this excursion is taking place the channel explores a one-
dimensional subset (trajectory) of points in thedimen-
sional kinetic space®;(V,, Vi, t) where Py(Vo, Vi, t) =
expW[V,]t) Ped(vo) Since the points reached by stepped
potential experiments are parameterized by the three (or
fewer) parameters/,, V;, andt, the set of all possible
Above we have demonstrated both experimentally and nudistributions reachable by stepped potential experiments has
merically the ambiguities that arise from stepped potentiathree dimensions. This set is thane-step submanifold.
protocols, and how some of these ambiguities are resolvedhenn is much larger than 3, as is usually the case, the
by the nonequilibrium response method. In this section weone-step submanifold is a set of very large codimension
present a logical analysis of these ambiguities and theirelative to the whole kinetic manifold. In other words,
resolution. A better abstract understanding of the limitationoone-step experiments hardly explore the kinetic state space
inherent in stepped potential experiments, and why theat all—the source of a great deal of ambiguity. By way of
nonlinear response method overcomes some of these limanalogy, a subset of codimension 1 would be a cross-
tations, can be obtained by analyzing the typical voltagesection. An example is a plane in a 3-dimensional space. A
clamp experiment in formal terms (Millonas and Hanck, subset of codimension 3 in the 3-dimension space is a point
1997b). We assume thatgross conformational states are in this space. Thus, a high codimension represents a very
required to adequately describe the kinetics. We wish taegligible exploration of the total possible space—the situ-
determine the elementary rates of transition between thesgion we find in nearly every case where stepped potential
states and their voltage dependencies, which by definitioprotocols are used. To make things worse the one-step
requires ensemble measurements. The state of an ensembléomanifold is “squeezed” onto the one-dimensional equi-
of channels is described by a probability distribution vectorlibrium submanifold for times that are much longer than the
P over thesen states, that is, a point in thedimensional slowest relaxation time of the gating kinetics, so the excur-
space, which we will call thkinetic manifoldof the channel sions are not only small, but brief.
(the kinetic manifold itself has — 1 dimensions because of ~ Since one-step experiments leave us trapped within a
the normalization constraid,P; = 1). The kinetic manifold  very incomplete subset of the whole kinetic manifold, the
is just the space of all possible conformational distributionsnformation that can be obtained from them is correspond-
of the channel ensemble. Ideally we would like to be able tangly incomplete. This is a very different source of limita-
measure the individual transition rates’'{ and 8’'s) be-  tion from that inherent in ionic current measurements rela-
tween any two states independently. If this were possibléive to gating current measurements. lonic current
then there would be no problem in reconstructing the correcineasurements are a kind of projection of a slice through the
kinetic model. Since this situation is impossible, we areone-step submanifold (we observe only the open state),
faced with the problem of resolving the kinetics of the while gating currents are in a sense a projection of the whole
individual transitions from transients containing informa- submanifold (we observe the rate of change I%(it)
tion from all the transitions. The maximum amount of weighted by the gating charges). While this projection can
information can be extracted from a particular type ofbe distorted (the charge is distributed very unevenly), it
measurement (gating current, ionic curresifigle channel contains more and different information from ionic current
current, etc.) by measuring the quantity on pdissible  measurements. On the other hand, the analysis in the pre-
ensemble state? (that is, over the whole kinetic manifold) vious paragraph holds for both ionic and gating currents. It
and the way the quantity changes at all voltages. If this werés an analysis of the underlying limitations of the protocols
possible then we could determine all the eigenvalues anthemselves, not the way the information is embedded in the
eigenvectors of the system for all voltages, and we couldneasurements. While a great deal of work over the last half
completely reconstruct the correct kinetic model. This situ-century has gone into obtaining more informationrhga-
ation is also impossible since we cannot prepare an arbitraryuringnew quantities such as gating currents, or in extract-
ensemble stat(0). ing new information from standard techniques in novel
The easiest distributions to prepare lie on the one-dimenways, little work has been done that focuses on the limita-
sionalequilibrium submanifoldparameterized by the hold- tions of the stepped voltage protocols themselves.
ing potentialV) of equilibrium statesP. (V). These states Because the ambiguities arise from our limited ability to
are prepared by applying a holding potential for a time thatexplore all points in the kinetic phase space, we should
is long relative to the longest relaxation time of the channelconsider the problem of enlarging the region of kinetic
and are calculated from kinetic models by solving phase space that can be explored by driving the channels off

Abstract analysis of limitations inherent in
kinetic experiments
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the one-step submanifold. For instance, we could change the A)
voltage at two or more times. If the changes are rapid 1

enough the two-step manifold will have a dimensionality of

no more than 5 (parameterized Wy, V4, V5, t;, andt,), and 6/ N

so on. The logical extension of this idea is then to change 3(14%)

the voltage rapidly, and at a large number of points in time. C —— O

This will allow us not only to jump off the one-step mani- ~y(1+x)

fold, but to increase exploration of the kinetic space to as

great a degree as is possible, and thus to acquire the max- (B)

imum amount of potentially new information about the
kinetics. This is nonequilibrium response spectroscopy. It —_— 7
was shown recently in a model of ti&hakerK™* channel
that given high enough frequencies virtually any ensemble
state can be prepared via this technique (Millonas and
Chialvo, 1996a). It is also possible to demonstrate that if
high enough frequencies can be reached, essentially all
kinetic information can be uniquely extracted from standard
experimental measurements by application of shaped volt-
age pulses (Millonas, unpublished). In practice what we can K
actually do is considerably limited by the finite input band-

width of the experiment, but we will still be able to acquire FIGURE 17 Difference in sensitivity between systems with and without

significant new information. detailed balance in stahopary state to _sp_emﬁc kinetic detasModel
three-state systemsB) Stationary probabilities of the three states (C, O, I)

remain unchanged asis varied when microscopic reversibility is main-

tained ¢y = 1). When microscopic reversibility symmetry is broken=

0.1) the probabilities (C*, O*, I*) depend on the kinetic parameter

=
o
—

o o
~ n

stationary probability
=T
d w
o

=
=
(@]

The Markovian schemes describing the
nonequilibrium response are not

. . . v = 1 microscopic reversibility is maintained, and the
microscopically reversible

stationary (in this case equilibrium) distribution is com-
Although models like Fig. 4C can be treated formally in pletely insensitive to the kinetic details. The transition rates
exactly the same way as models like FigB4there is one between the open and the closed states can be varied by
important difference, which again reflects on the great senvaryingx. Wheny = 0.1 (starred probabilities) microscopic
sitivity of the nonequilibrium response method. When thereversibility is broken, and the stationary (nonequilibrium)
voltage is held constant, microscopic reversibility dictatesdistribution depends in a complex way on the specific
that the product of the transition rates in any directionkinetic details of the system, as illustrated by the change of
around a closed loop must be equal to the product of th¢he starred curves asis varied. The symmetry of micro-
transition rates in the opposite direction around the samecopic reversibility is very constraining. Consequently, the
loop (e.g., Lager et al., 1980). For instance, in FigB4ve  breaking of this symmetry, made possible by the steady
have the constraining equatianasB, = B,oBsa,. When  flow of energy from the fluctuating field into the channel,
there are loops in the kinetics diagram this ensures that thiypically leads to novel nonequilibrium phenomena (Millo-
system will evolve to a stationary distribution in which the nas, 1996) that when analyzed can reveal new, previously
flow of probability vanishes—this is detailed balance. In thehidden information about the kinetics.

case of models like Fig. €, this condition does not haveto  In some very simple but general arguments, Landauer
be obeyed for loops that cross over the transition betwee(iL988 and references therein) has illustrated a similar point.
different voltage states (e.g., going between the upper anbh terms that are relevant to the present problem this point
lower levels in Fig. 4C) and as a consequence the flow of has the interpretation that the response of systems lacking
probability will generally not vanish between any of the microscopic reversibility depends on the details of the ki-
states even when the distribution becomes stationary. Thisetics that have little or no importance in determining the
lack of microscopic reversibility is a consequence of thebehavior of systems that possess this symmetry. As far as
irreversible (in the sense of Carnot) exchange of energyve know the method presented in this paper is the first time
between the fluctuating field and the channel when passinthis idea has been turned around and used as a tool for a
around a loop between voltage states. more sensitive measurement of the kinetics themselves.

A very simple example of this is provided in Fig. 17. Fig.
17 A shows a “loop” of states. The transition rates are .
arranged in such a way that the ratio of the forward ancﬁ,.c omparison of our method to the

. L iener method
reverse reaction rates remains fixed as the parametsr
varied. By varyingk we change the kinetic properties of the The superficial resemblance of our method to what is
model without changing the fluxes around the loop. Wherknown as the Wiener method (Wiener, 1958) requires some
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comment. The Wiener method involves application of whiteVoltera functional series would not provide any insight into
noise to systems in order to determine a mathematicahe underlying kinetics. It is mostly valuable for studying
description of its response to any waveform. In this sensé¢he way information in transferred through complex systems
the Wiener method and our method can be said to behere we are uninterested in specific mechanisms. It has
similar, although we apply colored noise (see Eq. 9), nobeen suggested (Marmarelis and Naka, 1974) that when the
white noise. A reasonable description of the effectiveness opecific mechanisms are of primary interest (as is the case
both techniques is as follows: A noise source of any kindhere) there would be some advantage in describing the
will eventually sample if not all, then an appreciable frac-systems with the Wiener method first, and then attempting
tion of the waveform possibilities. By sampling all possi- to model the response with a more realistic mechanisms that
bilities (as per the previous abstract discussion of a voltag&ied to reproduce the response of the functional series. Our
clamp experiment) we obtain all possible information aboutapproach is able to incorporate such advantages, but more
the kinetics of the channel, where “all possible” now refersdirectly, in a single step.
to all possible distributions reachable via experimentally Second, a very practical limitation of the Wiener method
applied waveforms, as opposed to the more abstract notios that the effort required to calculate the higher-order
of all conceivable distributions of the channel ensembleWiener kernals increases exponentially, and there are no
(i.e., the whole kinetic manifold in our previous terminology). convergence criteria for the series. As a consequence, the
Different noise sources will sample the possible wave-method has been typically employed only when an adequate
form in different ways, and thus each will tend to emphasizedescription can be obtained from the first two kernels, the
different aspects or time scales of the kinetics. White noisdirst term being the linear response term. Thus the practical
has the advantage that all frequencies are equally repreffectiveness of the Wiener method is constrained to the
sented. For example, the Wiener method has been compareglgime of rapid convergence of the series, that is, reason-
to model descriptions based on steps and sine waves for ttably close to the linear regime. Our method, in contrast, is
response of the retinal neural systems of the catfish (Marexact in the sense that there is an exact expression for the
marelis and Naka, 1974). The Wiener approach reproduceaverage transient NRS response that is valid for all regimes.
the response better than the model that only reproduced Lastly, in terms of the goal of the present work, no
steps and sines, the waveforms it was designed to repr@advantage can possibly be gained by replacing a description
duce. This is analogous to the inability (Figs. 11 and 12) ofthat involves a finite humber of terms by one that involves
models based on stepped potential series data to reproduadole functions, that is, effectively an infinite number of
the high-frequency NRS response. In both cases the applparameters.
cation of noise succeeds in getting at more details of the
dynamics/kinetics.

The major difference in our methods is that while our L A
S . Applications of the nonequilibrium response
approach leads to a description in the form of a dlscrEt%ethod to the study of ion channels
Markov model, the Wiener method produces a description
in the form of a Voltera functional integral, It would be feasible and possibly useful to apply other types
of voltage fluctuations since our capacity correction method
® will work for an arbitrary voltage waveform. Fohimeister
y(t) = ho + J hy(T)x(t — 7)dr and Adelman (1985a,b, 1986, 1987) in a series of papers
0 considered the generation of higher harmonics in the gating
current response in Nachannels to large amplitude sine
e wave voltage waveforms: a situation which is very much in
* J J ho(m1, TX(t = T)X(t — 7,)drydr, the same spirit as our method. The reason we have focused
0 on dichotomous noise is that it is the simplest type of
e high-frequency voltage fluctuation for which an algebraic
n f f j ha(r1, T, TIX(E — 1) solution is easily obtainable. Algebraic solutions prove to be
oY0Yo0

0

very useful when one seeks to use the data to do model
optimization because they allow for a rapid search through
X(t — m)X(t — Tp)drdr,drs + - - - (21) Parameter space for better solutions. The search for other
types of mathematically tractable noise, as well as useful
wherex(t) is the input of the systemg(t) is the output, and ways to get information from experimental data with less
the sequence of functions(r,, ..., ) are the Wiener tractable (but perhaps more interesting) types of voltage
kernels of the system that are determined experimentally bffuctuations, is an interesting question that is opened up at
application of white noise (Marmarelis and Naka, 1972 this point. An immediate generalization can be made to
1974). multistate (possibly a continuum of states) Markovian jump
This method has many disadvantages relative to ouprocesses (Kangaroo processes). These are processes where
approach. These disadvantages may explain why ththe voltage changes randomly between an initial voltdge
method is so seldom used. First, as mentioned above, ta a new voltage/’ at the ratew(V'|V), were the transition
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rates factorizeo(V'|V) = a(V')b(V). Further simplifications Lastly, nonequilibrium response spectroscopy should not
are possible whem(V') is constant, the Kubo-Anderson be confused with linear response type studies (Takashima,
process (Kubo, 1954; Anderson, 1954) of which dichoto-1978; Taylor and Bezanilla, 1979, 1983; Fernandez et al.,
mous noise is just the simplest example (Van Kampenl1982), which also sometimes involve the application of

1981) with noise (of small amplitude), or with fluctuation analysis
(Katz and Miledi, 1970, 1972; Conti and Wanke, 1975;
w(V'|[V) DeFelice, 1981; Conti et al., 1984). The fluctuations of the

ionic or gating current in principle contain the same kinetic
information that is contained in the current transients from
stepped potentials. In the case where we are measuring the
steady-state linear response or the equilibrium current fluc-
tuations this is a straightforward consequence of the fluctu-

, i o ation-dissipation theorem (Landau and Lifshitz, 1980). Both
Obviously, efforts in such directions should depend strongly o 5 response methods and fluctuation analysis involve
on whether they arellikely to result in new information roughly the same limitations as the stepped potential
about the channel of interest. _ method, since the probabilities of observing the channel in

Another possibility is to analyze the fluctuational char- 5 giyen state remain the same. In contrast, the nonequilib-
acteristics of single-pulse whole-cell recordings such agj,m response method drives the channel ensemble into new
those shown in Fig. 9A—H. There is clearly information regions of kinetic phase space.
contained in the current fluctuations. Since the underlying T primary purpose of this paper is to make an argument
state space in this case is the continuous space of probability, ihe use of nonequilibrium response methods as a tool for
densities, the mathematical apparatus required to descr”beaining a better understanding of voltage gated ion chan-
the evolution of the probability distributions of the current o1 We have, therefore, focused only on the most general
fluctuations is that of partial differential equations. This is to aspects of the nonequilibrium response methods: protocols,
be contrasted with the ordinary differential equations re-analysis of the data, and mathematical methods of model-
quired to solve the Markov process description of the aVing. We wished to show in a concise way how these meth-
erage behavior. ods fit together into a coherent whole. In separate publica-

A theoretical analysis of the stationary conductance fluctigns we will consider more detailed analysis of specific
tuations of the activation pathway of the Hodgkin-Huxley channels and specific kinetic models, as well as applications
model in response to dichotomous noise voltage fluctuatg gating and single-channel current recordings. These
tions has been made by Horsthemke and Lefever (1980ethods are not intended to replace more traditional meth-
who pointed out that the nonequilibrium stationary fluctu- ogs, but to complement them. In order to construct better
ations might provide a sensitive tool for model selection andjnetic models they must concur with all the data. The
analysis. However, the model considered by Horsthemk@articular advantage of the nonequilibrium response is its
and Lefever is one-dimensional and can be solved exactly iBensitivity to subtle details of the underlying kinetics not
the stationary limit. Since real channels are poorly describegicked up by standard techniques, and should provide a
by models with one degree of freedom, and the require@reater constraint on the model building process. When the
dimensionality is usually rather large, this method of anal-nonequilibrium response is used with more sensitive tech-
ysis presents some serious mathematical difficulties thatiques like gating currents, and when combined with data
prevent it from being used with ease to do model selectiofrom stepped potential protocols with these more sensitive
and kinetic analysis. In addition, only stationary distribu-techniques, we can expect to obtain a fuller understanding
tions of the conductance fluctuation were consideredof the kinetics of any channel than has been achieved to
thereby ignoring a good deal of kinetic information. The date. The nonequilibrium response may also prove useful in
transient behavior of the current (or alternatively the con-studying the gating kinetics of channels in which gating
ductance) fluctuations is not something that can be easilgurrent cannot be obtained, or for which the presence of
calculated analytically, even in a one-dimensional model. permeant ions has a direct effect on the kinetics.

Kinetic models of the type shown in Fig.@can also be Obviously, when studying any system as fundamentally
used to analyze the fluctuational properties of single-chaneomplex as a protein, we are likely to find a nearly endless
nel single-pulse recordings in response to voltage fluctuaarray of new details the closer we look. One of the addi-
tions by straightforward generalizations of techniques usetional advantages in looking at the high-frequency response
to analyze single channel data (Horn and Korn, 1989js that it allows us to explore in more detail the validity of
Colquhoun and Sigworth, 1995, and references thereinthe modeling approach itself. As we have shown, even a
since we can treat the fluctuational properties of singlenodel as complicated as the one shown in Fig. 3 is not able
traces if we observe just one channel experiencing a randomo qualitatively reproduce the channel’s behavior. As we are
voltage. The statistics of a single trace are then determinefibrced to add more and more states to a model to fit the data,
by an extended Markovian model such as the one picturedt some point we may want to ask the question “at what
in Fig. 4 C. point is another type of description more useful and mean-

- % 80V — V)8V — V) + (V' — V)8V — V.).}

(22)
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ingful”? In order to answer this question we will have to Fohimeister, J. F., and W. J. Adelman. 1987. Gating current harmonics IV.
perform more sensitive types of experiments such as the Dynamic properties of secondary activation kinetics in sodium channel

n introd d her gating.Biophys. J48:375-390.
ones oduced here. Goldberg, D. E. 1989. Genetic Algorithms in Search, Optimization, and

Machine Learning. Addison-Wesley, New York.
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